Background Autologous noncultured cell suspension transplantation is an effective treatment for repigmentation in segmental vitiligo and piebaldism. Full surface laser ablation is frequently used to prepare the recipient site before cell suspension transplantation, even though the optimal laser settings and ablation depth are unknown. Objectives To assess the efficacy and safety of less invasive recipient-site preparations. Methods In a randomized, observer-blinded, controlled trial we compared different recipient-site preparations before cell suspension transplantation in segmental vitiligo and piebaldism. In each patient, we randomly allocated three CO 2 laser recipient-site preparations (209 and 144 lm full surface, and fractional) and a control (no treatment) to four depigmentations. After 6 months we assessed repigmentation and side-effects. Results We included 10 patients with vitiligo (n = 3) and piebaldism (n = 7). Compared with the control site, we found more repigmentation after full surface ablation at 209 lm (median 68Á7%, P = 0Á01) and 144 lm (median 58Á3%, P = 0Á007), but no repigmentation after fractional ablation (median 0Á0%, P = 0Á14). Conclusions Superficial full surface ablation with a depth of 144 lm is an effective recipient-site preparation before cell suspension transplantation, while fractional CO 2 laser is not.
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What's already known about this topic?
• The optimal ablation depth of recipient sites before cell suspension transplantation is unknown.
What does this study add?
• Superficial full surface ablation is an effective recipient-site preparation, while fractional CO 2 laser is not.
Vitiligo and piebaldism are depigmenting skin disorders that can significantly alter physical appearance and impair quality of life.
1,2 Autologous noncultured cell suspension transplantation (CST) is an effective treatment for repigmentation in segmental vitiligo and piebaldism. 3, 4 The CST technique involves the transplantation of autologous epidermal cells, suspended in a fluid medium, from pigmented skin to depigmented recipient sites. Recipient-site preparation before CST is required to allow access to the underlying structures necessary for melanocyte adherence. 5 Full surface ablation is generally used as a recipient-site preparation in CST. Unfortunately, this technique can be uncomfortable and may result in persistent side-effects such as scarring and erythema. 6 Furthermore, the optimal depth of full surface ablation for melanocyte adherence is unclear.
In a previous study, we found 78% repigmentation after full surface CO 2 laser ablation to an estimated depth of 209 lm. 7 However, if less invasive recipient-site preparations are at least as effective in repigmentation, patients could be effectively treated more comfortably and with potentially fewer side-effects. Less invasive techniques include ablative fractional laser and superficial full surface ablation. In ablative fractional pretreatment, an array of microscopic ablation channels is created. 8 Less invasive techniques may result in minimized side-effects, such as persisting erythema and scars, and provide faster healing. [8] [9] [10] The aim of this study was to assess the efficacy and safety of fractional and superficial full surface CO 2 laser ablation of the recipient sites before CST in segmental vitiligo and piebaldism.
Materials and methods
This prospective, randomized, observer-blinded, within-subject, controlled trial was approved by the medical ethical committee of the Academic Medical Centre, Amsterdam (#NL49720.018.14). This study is registered at the U.S. National Institutes of Health (ClinicalTrials.gov) as trial NCT02458417. We recruited and treated the patients at the Netherlands Institute for Pigment Disorders between May 2015 and February 2016. Eligible patients were aged 18 years or older, diagnosed with either stable segmental vitiligo or piebaldism, and able to give written informed consent. Stable segmental vitiligo was defined as the absence of new lesions or enlargement of existing lesions for 12 months without treatment. Furthermore, eligible patients had at least four depigmented lesions of 3 9 3 cm or one large lesion of at least 12 9 3 cm on the trunk or extremities. Patients with Fitzpatrick skin type I, recurrent herpes simplex virus infections, hypertrophic scarring, keloids, cardiac insufficiency, history of ultraviolet hypersensitivity, allergy for local anaesthetics and/or clarithromycin, or medical history with (non)melanoma skin cancer or atypical naevi, and patients who were breastfeeding or pregnant were excluded from participation.
Interventions

Cell suspension preparation
We infiltrated the donor area with lidocaine 2% and harvested a split-thickness skin sample of approximately 4 cm 2 with a depth of 0Á2 mm from the hip with an electric dermatome (D42 Dermatome; Humeca, Beverwijk, the Netherlands). The skin sample was then placed in a cell harvesting device (ReCell â ; Avita Medical, London, U.K.). Following previous studies 7, [11] [12] [13] and the manufacturer's instructions, the skin sample was placed for approximately 15-20 min in a heated well containing an enzyme solution. Subsequently, the sample was rinsed in a sodium lactate solution, and disaggregation of cells from the epidermis and dermis was performed using a scalpel. Lastly, the suspension was drawn up in a syringe.
Recipient-site preparation
For recipient-site preparation, we used a 10 600 nm ablative CO 2 laser (Ultrapulse; Lumenis, Santa Clara, CA, U.S.A.) with a scanner handpiece suitable for full surface ablation (ActiveFx handpiece) and a handpiece for fractional ablation (DeepFx handpiece). In each patient, we randomly allocated four depigmented lesions of 4 cm 2 on the trunk or extremities to one of the following recipient-site preparations: (i) full surface ablation with an estimated depth of 209 lm (ActiveFx, one pass at 200 mJ, 60 W, density 3); (ii) full surface ablation with an estimated depth of 144 lm (ActiveFx, one pass at 150 mJ, 60 W, density 3); (iii) fractional laser ablation with an estimated depth of 225 lm (DeepFx, one pass at 7Á5 mJ per microbeam, 20% density, 120 lm diameter) or (iv) untreated control site (no recipient-site preparation and no CST). After infiltration of the treatment sites with lidocaine 2%, the recipient sites were prepared and the necrotic debris on the skin was removed with saline-soaked gauze. The cell suspension was applied on the recipient sites, with exemption of the untreated control site. We used a ratio of one to four or five (donor to recipient site), and the cell suspension was also applied to the donor site. The recipient-site preparations and CST procedures were performed by the same physicians.
Postoperative care
We covered the recipient and donor sites with a nonadherent, small-pore dressing (Telfa Clear; Covidien, Dublin, Ireland) and a secondary dressing with paraffin gauzes (Jelonet; Smith and Nephew, Hamburg, Germany) for 7 days. Furthermore, patients were advised to take clarithromycin 500 mg once daily for 7 days after CST to prevent infections. To make the repigmentation more visible, patients were advised to start with ultraviolet A treatment on all treatment sites twice weekly with a facial tanner (GB9212; Eurosolar, Bonn, Germany) from 4 weeks to 6 months after the CST.
Randomization and allocation concealment
Randomization was based on a digitally generated randomization list not known to any of the involved investigators (Graph Pad Software Inc., La Jolla, CA, U.S.A.). After inclusion, treatment regions were assigned, and numbered, opaque, sealed envelopes containing cards with the allocation were opened in ascending order. The randomization and allocation were concealed for the blinded assessor. The patient and the treating physician were not blinded as this was practically impossible.
Outcomes
Primary outcome
The primary outcome of our study was the percentage of repigmentation per treatment site. This was measured by comparing surface areas of repigmentation copied on transparent sheets (baseline vs. 6 months) using a digital image analysis system (Image J; https://imagej.nih.gov/ij/).
Secondary outcomes
One week after CST, re-epithelialization (0-100%) and pain (on a visual analogue scale) per treatment site were assessed separately by the physician and patient. Six months after CST, a blinded independent physician assessed the repigmentation and side-effects (i.e. erythema, hyperpigmentation, hypopigmentation, scarring) per treatment site. Furthermore, colour matching with normal skin was measured using a reflectance meter (DermaSpectrometer; Cortex Technology ApS, Hadsund, Denmark). Patients and physicians were asked to evaluate the global outcome per treatment site measured on a four-point scale (poor, moderate, good or excellent).
Statistical analyses
Statistical analyses were performed using SPSS (version 23; IBM Corp., Armonk, NY, U.S.A.). The Wilcoxon signed-rank test was used to compare the repigmentation percentages between recipient sites, and the significance level was set at a = 0Á05. All patients were included in the statistical analyses. Non-normally distributed data are presented as medians with their interquartile ranges (IQRs).
Results
We included 10 patients with either segmental vitiligo (n = 3) or piebaldism (n = 7). The median age was 22Á5 years and the ratio male to female was 4 : 6. None of the patients was lost to follow-up. The baseline characteristics are presented in Table 1 .
Repigmentation
Repigmentation percentages per recipient site are presented in Figure 1 . The median repigmentation after 209-lm (68Á7%, IQR 12Á7-100Á0, P = 0Á011) and 144-lm (58Á3%, IQR 14Á3-100Á1, P = 0Á007) full surface ablation were significantly higher than at the control site (0%, IQR 0-0). No significant differences between fractional recipient-site preparation (median 0%, IQR 0-11Á9) and the control site were found (P = 0Á14). Repigmentation was significantly higher for 209-lm (P = 0Á012) and 144-lm (P = 0Á008) full surface ablation than for fractional ablation. Furthermore, no significant difference in repigmentation was found between 209-lm and 144-lm full surface ablation (P = 0Á89).
More than 75% repigmentation was found in 50% and 40% of the 209-lm and 144-lm full surface ablated recipient sites, respectively. The global assessment of repigmentation corresponded with the repigmentation percentages measured on transparent sheets in 31 of 40 recipient sites. The outcome after 209-lm full surface, 144-lm full surface and fractional ablation was scored by the patients as good to excellent in 60%, 50% and 0% of recipient sites, respectively. The outcomes of all control sites were scored by the patients as poor. The independent physician scored the outcome of the CST as good to excellent in 50% of the full surface ablation and in 10% of the fractional ablated recipient sites. Figure 2 presents a case with excellent responses in the full surface ablation sites.
Side-effects
One week after the CST procedure, 100% re-epithelialization was reached in 30% (209 lm), 60% (144 lm), 100% (fractional) and 100% (control) of the lesions. None of the donor sites was 100% re-epithelialized after 1 week (median 5%, IQR 0-50). Pain 1 week post-treatment was scored as low to absent in all recipient sites. After 6 months, mild-to-moderate persisting erythema was more frequent in lesions pretreated with full surface ablation with a depth of 209 lm (70%) vs. 144 lm (50%). Mild hyperpigmentation, scored by the blinded physician, was seen in 10% of all full surface ablated lesions and not in any fractional or control recipient sites. Objective measurement of the hyperpigmentation with a reflectance meter showed that 10% of the full surface (209 and 144 lm) and 0% of both fractional and control sites were darker (> 10% difference in melanin index) than surrounding healthy skin. No hypopigmentation or scarring of recipient sites was observed. Mild hypertrophic scarring of the donor site occurred in two patients.
Discussion
We investigated different depths and types of ablation of the recipient site before cell suspension transplantation in segmental vitiligo and piebaldism. The results of our study suggest that more superficial CO 2 laser full surface ablation is effective, while fractional CO 2 laser ablation with the settings used in this study is not.
Previous clinical studies of noncultured CST show varying repigmentation results. 3, 14 The reasons for this variation remain unclear, but recipient-site preparation is one potential determinant. The optimal depth of ablation is not known and most studies do not report the depth of ablation. Most techniques for recipient-site preparation, such as dermabrasion, microneedling and ablation with liquid nitrogen, are difficult to standardize and are not suitable for large or concave surfaces. 5, 6, 15 Laser settings are easy to standardize and therefore the use of ablative lasers for recipient-site preparation in CST is preferable. 6 Repigmentation after full surface CO 2 laser ablation with a depth of approximately 209 lm was similar to that in other studies using the same depth of ablation. 6, 7 In our current study, we found comparable repigmentation percentages after superficial and deeper full surface ablation (144 vs. 209 lm ablation). The superficial full surface ablation resulted in faster re-epithelialization and less persistent erythema than deeper full surface ablation. Therefore, superficial ablation seems a better option for recipient-site preparation than deeper full surface ablation. Furthermore, superficial ablation may require only topical rather than infiltration anaesthesia, which is much more comfortable for patients. To our knowledge, this was the first study to assess superficial CO 2 laser and fractional CO 2 laser as recipient-site preparations in CST. A recent prospective study by Silpa-Archa et al. compared dermabrasion and full surface CO 2 laser ablation as recipient-site preparations. 6 Silpa-Archa et al. classified their CO 2 laser settings as fractional. However, we consider that their settings are more accurately classified as nonfractional, as the high density (82%) of the ablation channels effectively leads to a full surface ablation. 16 In our study, the recipient sites pretreated with fractional ablation did not show satisfactory repigmentation. This is contradictory to preclinical data suggesting that fractional CO 2 laser results in adequate penetration and adherence of cells. 5, 17 On the other hand, fractional CO 2 lasers are known to produce a necrotic eschar that surrounds each ablation channel. Due to this eschar, oozing of exudate is minimized, but it may theoretically also impair permeation and adherence of the cell suspension. As this is the first clinical study investigating ablative fractional laser therapy as a recipient-site preparation for CST, the optimal settings are still unknown. The fractional laser pulse energy settings in the current study were chosen based on expected ablation depth. The optimal depth of ablation is not known. Hypothetically, other CO 2 laser settings (e.g. pulse energy, density, depth and diameter of ablation channels) or the use of a different type of fractional laser may be more effective. Fractional erbium-doped yttrium aluminium garnet lasers usually create less necrotic eschar, and microneedling creates none, hypothetically leading to better permeation of the cell suspension. 18 However, they are also associated with more exudate and bleeding, which possibly leads to washing out the cell suspension before melanocyte adherence occurs. Previous studies in nonsegmental vitiligo have shown repigmentation after laser ablation alone without cellular grafting. 19, 20 However, in piebaldism and segmental vitiligo residual follicular melanocytes are generally lacking. This is the reason why unspecific induction of repigmentation is very unlikely in segmental vitiligo and piebaldism. Furthermore, we previously reported lack of repigmentation after CO 2 laser alone in a similar population. 7 Therefore, we assume that the contribution of laser ablation on the repigmentation is minimal in our study. A limitation of this study is the small number of patients who were treated. Furthermore, treatment with CST was limited to the trunk and extremities, while other body parts may react differently. The study is also limited by including both piebaldism and segmental vitiligo, which are different depigmenting skin disorders. On the other hand, both have the same natural stable course without a persisting autoimmunity against melanocytes, such as in nonsegmental vitiligo. Various steps in the cell suspension transplantation process, such as harvesting of the skin sample, disaggregation of the epidermal cells and application of the cell suspension, are performed manually. This might impose another source of variation, possibly explaining the differences in repigmentation between individual patients. Another limitation is that some core outcome domains for vitiligo, such as maintenance of repigmentation and tolerability with treatment, were not measured. 21 No consensus is available on which measurement instruments should be used for target lesion assessment in vitiligo. We used the transparent sheet method that was used in our previous study and that was previously validated by Van Geel et al. 7, 22 In conclusion, we recommend that the recipient site before CST is prepared with full surface ablation with a depth of approximately 144 lm. Fractional CO 2 laser with the settings used in this study is not as effective for recipient-site preparation. Further research on different laser types and optimal settings is needed.
